In this study, we modified the surface of nanoporous carbons with carboxymethylated polyethyleneimine (CM-PEI) of a high charge density in order to increase the Pt loading on the nanoporous carbons in an aqueous solution. We carried out equilibrium adsorption tests of Pt(IV) on the pure nanoporous carbon and the CM-PEI-coated carbons and evaluated the adsorption isotherm on the CM-PEI-coated carbon using various isotherm models. It was found that the adsorption of Pt(IV) onto the CM-PEI-coated carbons obeys the Langmuir isotherm model.
Introduction
Recently, nanoporous carbons have attracted great attention from many researchers due to their various application fields such as fuel cells, removal of toxic materials, and preparation of one-dimensional structured materials [1] [2] [3] [4] . Especially, nanoporous carbon-supported C/Pt or C/Pt-based alloy composites are well known as the best electrocatalysts for the electrochemical reaction in fuel cells. For the preparation of this kind of catalyst, various preparation techniques including the impregnation method, the microemulsion method, the colloidal method, and the electrodeposition method have been developed [1] [2] [3] [4] .
Here we present a new approach to increase the Pt loading on nanoporous carbons in a aqueous solution. We introduced carboxymethylated polyethyleneimine (CM-PEI) to the surface of carbons to get the high dispersion in aqueous solution and further to obtain a high actual surface area to be able to interact with the Pt(IV) ions. We examined the effect of a CM-PEI coating on the amount of Pt(IV) adsorbed onto the nanoporous carbons and then evaluated the Pt(IV) adsorption characteristics using three kinds of isotherm models, Langmuir [5] , Freundlich [6] , and Temkin isotherms [7] .
Experimental Procedure
The ordered nanoporous carbons (CMK-3), which have a specific surface area of ca. 1350 m 2 /g and a nanopore of ca. 4 nm in average diameter, were synthesized by the nano-replication technique using mesoporous silica (SBA-15) as the template. The surface of the carbons was modified with CM-PEI (BASF, MW = 50000) by agitating a mixed solution of the carbons and CM-PEI in an aqueous solution at pH 5 for 6 hr. The detailed description of the systhesis and characterization of the nanoporous carbons was reported in a previous paper [8] . The surface modification of the carbons was carried out under the following four kinds of mixing conditions: carbon / CM-PEI = 20 mg / 1 mg, 20 mg / 5 mg, 20 mg / 10 mg and 20 mg / 20 mg. After the reaction was completed, the mixed solutions were filtered and then the resulting carbons were thoroughly washed with a large amount of water in order to remove a weakly adsorbed CM-PEI on the carbons. The amount of remaining CM-PEI in a solution was analyzed by a total organic carbon analyzer (TOC). The final content of CM-PEI coated onto the carbon was determined by subtracting the remaining CM-PEI amount from the initial amount of CM-PEI. Finally, we obtained four kinds of CM-PEI-coated carbons of which the CM-PEI contents were 0.43, 1.9, 6.2, and 11.2 wt%.
We examined the effect of a CM-PEI coating on the adsorption of Pt(IV) onto the nanoporous carbons in a dilute aqueous solution of 20 ppm of Pt(IV) at pH = 4.0 and at 22°C. The equilibrium adsorption tests of Pt(IV) on the nanoporous carbons and the CM-PEI-coated nanoporous carbon were performed under a constant ionic strength of 0.1 M NaNO 3 at pH = 2.5 and at 22°C, using PtCl 4 (Aldrich Chemical Co., Inc.) as a precursor of Pt(IV). The amount of Pt(IV) adsorbed onto the two adsorbents at an equilibrium was calculated by measuring the final Pt(IV) concentration in the adsorption medium by using an inductively coupled plasma atomic emission spectroscopy (ICP-AES, Horiba Ultima 2).
Results and Discussion
Dispersion of Nanoporous Carbons. The effect of CM-PEI on the dispersion of the nanoporous carbons (CMK-3) was examined by measuring the adsorption amount of Pt(IV) onto the carbons in a dilute aqueous solution of 20 ppm of Pt(IV) at pH = 4.0. It was observed that the amount of Pt(IV) adsorbed onto the CMK-3 was greatly increased from 77 to 86% even when the surface of the CMK-3 was coated with a 0.43 wt% CM-PEI ( Fig. 1) . Adsorption Isotherms. We carried out equilibrium adsorption tests on the CM-PEI-coated nanoporous carbons with ca. 6.0 wt% CM-PEI content, which is referred to as CM-PEI(6.0)/CMK-3. Fig. 2 shows the adsorption isotherms of Pt(IV) onto the CMK-3 and the CM-PEI(6.0)/CMK-3 at pH 2.5. We can clearly see that adsorption amount of Pt(IV) onto the CM-PEI(6.0)/CMK-3 was much larger than that on the CMK-3. We think this is caused mainly by the high dispersion of the CM-PEI(6.0)/CMK-3 due to its hydrophilic characteristics in an aqueous media
The equilibrium adsorption of Pt(IV) onto the CM-PEI(6.0)/CMK-3 was analyzed by the three adsorption isotherm models. The Langmuir adsorption isotherm model assumes a uniform adsorption energy of an adsorption surface [5] . The Langmuir isotherm equation is expressed as follows:
where q e is the amount of an adsorbed adsorbate per unit weight of an adsorbent at an equilibrium (mg/g), C e is the concentration of an adsorbate in a solution at an equilibrium (mg/L), Q 0 is the maximum adsorption capacity (mg/g), and K L is the constant related to the adsorption energy (L/mg). Fig. 3 shows the Langmuir plot for the adsorption of Pt(IV) on the CM-PEI(6.0)/CMK-3 and the fitting result (solid line) by a linear regression analysis. The Langmuir isotherm shows excellent fit to the experimental adsorption data, thus providing extremely high correlation coefficients (R 2 = 0.9980). This strongly supports that the adsorption of Pt(IV) onto the CM-PEI(6.0)/CMK-3 obeys the Langmuir model. The Q 0 and K L , which were calculated from the slope and intercept of the regression line, were 526 mg/g and 2.96 × 10 -2 L/mg, respectively ( Table 1 ). The small value of the constant K L indicates that the heat of the adsorption is low. The Freundlich isotherm is widely used to characterize the adsorption experiments, which assumes a logarithmic fall in the enthalpy of an adsoprtion with the surface coverage. [6] . This isotherm can be described as the following linear equation:
log q e = log K F + 1/n log C e (2) where K F and n are the Freundlich constants related to the adsorption capacity and adsorption intensity of the adsorbent, respectively. 4 shows the Freundlich plot for the adsorption of Pt(IV) on the CM-PEI(6.0)/CMK-3 and the fitting result of the correlation coefficient (R 2 = 0.9575) by a linear regression analysis. This isotherm shows relatively poor fit to the experimental adsorption data, as shown in Fig. 4 . The K F and n which were calculated from the slope and intercept of the regression line are presented in Table 1 .
The Temkin isotherm assumes a linear fall in the enthalpy of an adsorption with the surface coverage [7] . This isotherm was also applied to analyze the adsorption of Pt(IV) onto the CM-PEI(6.0)/CMK-3. This isotherm is described by a linear equation as follows:
where B and A (L/mg) are the Temkin constants related to the heat of an adsorption and the maximum binding energy, respectively. Fig. 5 shows the Temkin plot for the adsorption of Pt(IV) onto the CM-PEI(6.0)/CMK-3 and the fitting result of the correlation coefficient (R 2 = 0.9842) by a linear regression analysis. The Temkin constants which were calculated from the slope and intercept of the regression line are presented in Table 1 . Overall results indicate that the Langmuir isotherm model provides the most satisfactory fits to the experimental data.
